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(54) Mirror for soft x-ray exposure apparatus 

(57) A soft X-ray projection exposure apparatus has 
at least one metal mirror in either an illumination optical 
system or a projection optical system. The mirror 
includes a metal substrate and a thin film of an amor- 
phous substance formed thereon. The surface of the 
amorphous substance is polished to optical smooth- 
ness. On the surface of the thin film is a multi-layer film 
that reflects X-rays of a specified wavelength. The metal 
substrate efficiently dissipates heat to the back surface 
of the mirror where it can be easily cooled. The mirror 
has a small shape error and surface roughness, and 
sufficiently suppresses thermal deformation caused by 
irradiating electromagnetic radiation such as X-rays or 
light. In this manner, the soft X-ray projection exposure 
apparatus achieves a higher through-put of wafers. 
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Description 

[0001] This application claims the benefit of Japanese Patent Application Nos. 10-140404 and 10-140405, both-filed 
on May 8, 1998, which are hereby incorporated by reference. 

5 

BACKGROUND OF THE INVENTION 

Field of the Invention 

10 [0002] The present invention relates to a reflective mirror that is used where large quantities of heat arc absorbed 
from incident light rays or X-rays and more particularly to an optical system of a projection exposure apparatus using 
light or soft X-rays such as a soft X-ray projection exposure apparatus used in the manufacture of semiconductor 
devices, etc. 

15 Description of the Related Art 

[0003] In recent years, as semiconductor integrated circuit elements have become smaller in size, projection-litho- 
graphic techniques using X-rays with shorter wavelengths instead of conventional ultraviolet light have been developed 
in order to improve the resolution of optical systems limited by the boundaries of light diffraction. X-ray projection expo- |§§ 
20 sure apparatuses used in such techniques are constructed mainly from an X-ray source, an illumination optical system, ^ 
a mask, a focusing optical system and a wafer stage, etc. 

[0004] Synchrotron-radiation (SR) light sources or laser plasma X-ray sources are used as X-ray sources. Illumination 
optical systems are constructed from grazing-incidence mirrors, multi-layer film mirrors and filters that reflect or transmit 
only X-rays of a specified wavelength, etc., and are used to illuminate the mask with X-rays of a specified wavelength. 
25 [0005] Masks include transmission type masks and reflection type masks. Transmission type masks are masks in 
which a pattern is formed by disposing a substance that absorbs X-rays in a specified shape on the surface of a thin 
membrane consisting of a substance that shows good transmission of X-rays. 

[0006] Reflection type masks are masks in which a pattern is formed (for example) by disposing parts that have a low 
reflectivity in a prescribed shape on the surface of a multi-layer film that reflects X-rays. The patterns formed on such 
30 masks are focused on the surface of a wafer coated with a photo-resist by means of a projection and focusing optical 
system constructed from a plurality of multi-layer film mirrors, so that these patterns are transferred to the above-men- 
tioned photo-resist. Furthermore, since X-rays are absorbed by the atmosphere and thus attenuated, the entire light 
path is maintained at a specified degree of vacuum. 

[0007] In the X-ray wavelength region, transparent substances do not exist. Furthermore, the reflectivity at the sur- 
35 faces of substances also is extremely low. Accordingly, ordinary optical elements such as lenses and mirrors, etc., can- 
not be used. Optical systems used for X-rays are constructed by means of grazing-incidence mirrors which reflect X- 
rays by utilizing the total reflection of X-rays incident on the reflective surface from an oblique direction, and multi-layer 
film mirrors in which the phases of the reflected X-rays coincide at the respective interfaces of a multi-layer film. Thus, f-n 
a high reflectivity is obtained by means of an interference effect, etc. 
40 [0008] Since grazing-incidence optical systems have a large aberration, a resolution at the diffraction limit cannot be 
obtained. On the other hand, multi-layer film mirrors are capable of reflecting X-rays perpendicularly, so that an X-ray 
optical system at the diffraction limit can be constructed. Accordingly, the focusing optical systems of soft X-ray projec- 
tion exposure apparatuses are all constructed from multi -layer film mirrors. 

[0009] In such X-ray multi-layer film mirrors where a multi-layer film consisting of molybdenum and silicon is used on 
45 the long-wavelength side at the L absorption end of silicon (12.3 nm), absorption by silicon is decreased so that the 
maximum reflectivity can be obtained. Nevertheless, the reflectivity at wavelengths of 13 to 15 nm is about 70% regard- 
less of the angle of incidence. Recently developed multilayer film consisting of molybdenum and beryllium exhibits the 
maximum reflectivity on the long-wavelength side at the K absorption end of beryllium (11.0 nm). The reflectivity at 
wavelengths of 11 to 12 nm is about 70% regardless of the angle of incidence. At wavelengths shorter than the K 
so absorption end of beryllium, hardly any multi-layer films that allow a reflectivity exceeding 30% to be obtained at per- 
pendicular incidence have been developed. 

[0010] Glass materials such as quartz, etc., which have a high shape precision, a small surface roughness, and can 
be worked, are used as substrate materials in multi-layer film mirrors. 

[001 1] In order to obtain a practical through-put (e. g., about 30 wafers per hour in the case of 8-inch wafers) in X-ray 
55 projection exposure apparatuses of the type described above, it is necessary to irradiate the surfaces of the multi-layer 
film mirrors making up the focusing optical system with X-rays of a certain intensity (e. g.. about 10 [mW/cm 2 ]). On the 
other hand, as was mentioned above, the reflectivity of such multi-layer film mirrors is about 70% at the most The 
remaining X-rays are absorbed, transmitted or scattered without being reflected by the multi-layer film. The loss due to 
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scattering Ts slight, and the X-rays passing through the multi-layer film are more or less completely absorbed by the sub- 
strate. 

[001 2} Specifically, most of the X-rays that are not reflected by a multi-layer film mirror are absorbed by the multi-layer 
film mirror, so that the energy of these X-rays is converted into heat The temperature of the multi-layer film mirror is 

5 elevated by this heat, so that thermal deformation occurs. 

[001 3] Generally, in order to obtain a resolution at the diffraction limit in an optical system, the shape error of the mir- 
rors and lenses making up the optical system must be sufficiently small compared to the wavelength of the light used. 
Furthermore, in an optical system using X-rays, the permissible range of shape error is narrower than that in optical sys- 
tems using visible light or ultraviolet light by an amount corresponding to the shortening of the wavelength. Viewed in 

io this way, the thermal deformation of the multi-layer film mirrors caused by the above-mentioned X-ray irradiation has a 
major effect on the focusing characteristics of the multi-layer film mirrors. Accordingly, there is a danger that the 
designed resolution cannot be obtained. 

[0014] Consequently, the cooling of such mirrors from the underside of the substrate of each mirror is performed in 
order to prevent any thermal deformation effect on the focusing characteristics. However, a sufficient effect cannot be 
75 obtained in such methods. Furthermore, since X-ray optical systems are used in a vacuum, there is almost no heat con- 
duction to environment from the surfaces of the mirrors. 

[0015] Accordingly, in order to prevent the effects of thermal deformation on the focusing characteristics, it is neces- 
sary to limit the intensity of the X-rays incident on the mirrors. If this is done, however, the through-put of the soft X-ray 
projection exposure apparatus using these mirrors drops. In other words, a problem of conventional mirrors is that high 
20 resolution and high through-put of the soft X-ray projection exposure apparatus could not be simultaneously achieved. 
[001 6] Problems encountered in the X-ray optical system of a soft X-ray exposure apparatus have been described 
above. However, problems caused by thermal deformation of reflective mirrors are also encountered to a varying 
degree in other X-ray optical systems and in optical systems using light rays in wavelength regions other than the X-ray 
wavelength region. 
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SUMMARY OF THE INVENTION 



[001 7] The present invention is directed to a reflective mirror that has a small shape error and surface roughness, and 
can sufficiently suppress thermal deformation caused by irradiating electromagnetic radiation such as X-rays, light, etc. 
30 [0018] An object of the present invention is to provide a method for manufacturing a reflective mirror with reduced 
thermal deformation. 

[001 9] Still a further object of the present invention is to provide a soft X-ray projection exposure apparatus that makes 
it possible to achieve both a high resolution and a high through-put. 

[0020] Additional objects and advantages of the invention will be set forth in part in the description which follows, and 
35 in part will be obvious from the description, or may be learned by practice of the invention. The objects and advantages 
of the invention will be realized and attained by means of the elements and combinations particularly pointed out in the 
appended claims. 

[0021 ] To achieve these and other advantages and in accordance with the purpose of the invention, as embodied and 
|V broadly described herein, the invention include a soft X-ray projection exposure apparatus having at least one metal 

40 mirror. The mirror constitutes at least one of an illumination optical system and a projection optical system. The mirror 
includes a metal substrate having a front surface and a rear surface. A thin film of an amorphous substance is formed 
on the front surface of the metal substrate. A front surface of the amorphous substance is polished to optical smooth- 
ness. A multi-layer film is formed on the front surface of the thin film. The multi-layer film reflects X-rays of a specified 
wavelength. 

45 [0022] In another aspect of the invention, a method for manufacturing a mirror is provided. A metal substrate is pre- 
pared. An amorphous thin film containing a nickel alloy as a chief ingredient is formed on a surface of the metal sub- 
strate. A surface of the amorphous thin film is worked into an optically smooth surface. 

[0023] In another aspect, the invention includes a mirror for use when large amounts of heat from incident electro- 
magnetic radiation is absorbed. The mirror includes a metal substrate having a front surface and a back surface. A thin 
50 film of an amorphous substance is formed on the front surface of the substrate. The thin film has a surface polished to 
optical smoothness. 

[0024] It is to be understood that both the foregoing general description and the following detailed description are 
exemplary and explanatory only are not restrictive of the invention, as claimed. 

55 BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] The accompanying drawings, which are incorporated in and constitute a part of this specification, illustrate sev- 
eral embodiments of the invention and together with the description, serve to explain the principles on of the invention. 
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Figure 1 is a schematic diagram that illustrates one example of a soft X-ray projection exposure apparatus using 
the reflective mirror of the present invention. 

Figure 2 shows one example of a working configuration of the mirror of the present invention. 
Figure 3(a) is a diagram that illustrates thermal deformation of the substrate that constitutes the reflective mirror. 
s Figure 3(b) is a graph that illustrates a uniform temperature gradient in the x direction inside the substrate that con- 

stitutes the reflective mirror. 

Figure 4 is a graph that shows the difference in the reflectivity of a multi-layer film mirror according to the surface 
roughness of the substrate that constitutes the reflective mirror. 

w DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0026] Reference will now be made in detail to the present preferred embodiments of the invention, examples of which 
are illustrated in the accompanying drawings. Wherever possible, the same reference numbers will be used throughout 
the drawings to refer to the same or like parts. 

is [0027] In a first embodiment of the present invention, a soft X-ray projection exposure apparatus uses metal mirrors 
as some or all of the mirrors constituting the illumination optical system and projection optical system. The above-men- 
tioned metal mirrors have a metal substrate, a thin film of an amorphous substance that is formed on the surface of the 
above-mentioned metal substrate and whose surface is polished to optical smoothness, and a multi-layer film that is 
formed on the surface of the above-mentioned thin film and that reflects X-rays of a specified wavelength. 

20 [0028] Here, the term "surface polished to optical smoothness" refers to polishing to a smoothness such that the sur- 
face has a reflectivity of 80% or more of the reflectivity of a perfectly flat or reflective surface. 

[0029] In the present embodiment, some or all of the mirrors constituting the illumination optical system or projection 
optical system use metal substrates (including alloy substrates) as substrates. Thus, the heat generated by the X-rays 
incident on the mirrors can be efficiently dissipated to the side of the cooling device installed on the back surface of each 
25 mirror. Accordingly, shape error caused by thermal deformation is reduced. Furthermore, the metal substrates are eas- 
ily worked, so that shape error during manufacture can be reduced. 

[0030] It is, however, difficult to reduce the surface roughness of a metal or alloy substrate. As a result, when a multi- 
layer film that reflects X-rays of a specified wavelength is formed directly, on top of such a metal substrate, the reflectiv- 
ity drops so that the resulting mirror cannot be used as a mirror in the soft X-ray projection exposure apparatuses of the 
30 present invention. Accordingly, in the mirror of the present embodiment, an amorphous substance whose surface is pol- 
ished to an optical smoothness is formed on top of such a substrate. Since the surface of such an amorphous sub- 
stance can be polished to an optical smoothness, a mirror with a high reflectivity can be obtained by forming a multi- 
layer film that reflects X-rays of a specified wavelength on the smoothly polished surface. This film is used as a reflective 
surface. 

35 [0031 ] Specifically, in such a mirror, shape error and surface roughness are reduced, and thermal deformation caused 
by irradiating light can be suppressed to a sufficiently small value. In the present means, such mirrors are used as some 
or all of the mirrors constituting the projection optical system. Accordingly, X-rays with a strong intensity can be used, 
and both a high resolution and a high through-put can be achieved. 

[0032] A second embodiment consists of the above-mentioned first embodiment, and is characterized by the lact that 
40 the following condition is satisfied where r| [W/m • K] is the thermal conductivity of the metal substates making up the 
above-mentioned metal mirrors, a [1/K] is the coefficient of linear expansion, Q [W/m 2 ] is the thermal flux applied to the 
mirrors by light rays or X-rays, and d [m] is the mean thickness of the mirrors: 

a • Q • d 2 /(2n) < 10 9 [m] (1) 

45 

[0033] Equation (1 ) is an expression that means that the deformation of the reflective mirror caused by thermal defor- 
mation is kept to 1 nm or less. Equation (1) will be described with reference to Figure 3. The actual deformation of a 
mirror varies greatly depending on the shape and dimensions of the mirror. Accordingly, calculations based on the finite 
element method, etc., are necessary in order to calculate the mirror deformation accurately. Here, the approximate 

so value of such deformation will be calculated using the simplification shown below. 

[0034] Figure 3 shows the thermal deformation Ax [m] that occurs where the back surface of a mirror of thickness d 
[m] (assumed to have a flat surface for the sake of simplicity) is maintained at a constant temperature T [K], while the 
front surface is irradiated with X-rays. In this expression, the expansion (or contraction) Ax in a direction perpendicular 
to the substrate (i.e.. the x direction) in the area of injection (or area of irradiation) where a steady thermal flux Q [W/m 2 ] 

55 (i.e.. the energy of those X-rays among the irradiating X-rays that are absorbed by the substrate rather than being 
reflected) is injected into a portion of the front surface of the substrate is considered. 

[0035] The discussion will be simplified by ignoring thermal conduction in the lateral direction. In this case, a uniform 
temperature gradient is created in the x direction inside the substrate as shown in Figure 3 (b). Accordingly, the temper- 
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ature (temperature difference from the heat sink at x=0) T(x) at position x is given as follows where rj [W/m • k] is the 
thermal conductivity: 

T(x) = Qx/t| (2) 

[0036] Furthermore, the expansion A (6x) of a thin layer (thickness Sx) within the substrate is given by the following 
equation: 

A(8x) = a • T(X) • 5x (3) 

Here, a is the coefficient of thermal expansion (coefficient of linear expansion [1/K]) of the substrate material. 
[0037] Accordingly, the expansion Ax of the substrate overall is as follows: 

2 



15 



Ax = j A(6x) = a J T(x)dx =~ $ xdx = (4) 



[0038] Accordingly, if Equation (1) is satisfied, then the deformation (amount of expansion) of the reflective mirror 
v w»'' 20 caused by thermal deformation can be kept 1 nm or less. As a result, a mirror with sufficient precision for use as a mirror 
in projection exposure apparatus using X-rays can be obtained. 

[0039] A third embodiment consists of the above-mentioned first embodiment, and is characterized by the fact that 
the metal substrates making up the above-mentioned metal mirrors consist of an Invar alloy. 

[0040] Invar alloys are metals that have a low coefficient of linear expansion. Accordingly, by using such alloys as 
25 metal substrates in mirrors, it is possible to obtain mirrors that show little thermal deformation. 

[0041] A fourth embodiment consists of the above-mentioned first embodiment, and is characterized by the fact that 
the metal substrates making up the above-mentioned metal mirrors consist of aluminum, copper, beryllium, silver, gold 
or an alloy containing at least one of these materials. 

[0042] The above-mentioned metals have a thermal conductivity of 200 [W/m • K] or greater, and are desirable from 
30 the standpoint of heat dissipation. 

[0043] A fifth embodiment consists of one of the above-mentioned first through fourth embodiments which is charac- 
terized by the fact that the surface roughness or the amorphous substance making up the above-mentioned metal mir- 
rors is 0.5 nm (rms) or less. 

[0044] As will be described below, setting the surface roughness of the above-mentioned amorphous substance at 
35 0.5 nm (rms) or less makes it possible to obtain a reflectivity that is equal to 80% or more of the reflectivity of a perfectly 
flat surface with respect to practical X-rays. Furthermore, since the surface roughness of the amorphous substance is 
0.5 nm (rms) or less, the irregularity of the multi-layer film formed on top of the amorphous substance has a similar 
'% value, so that an optically flat reflective body can be obtained. 

uM-. [0045] A sixth embodiment consists of any one of the above-mentioned first through fifth embodiments and is char- 

^ 40 acterized by the fact that the above-mentioned amorphous substance making up the above-mentioned metal mirrors, 
or the principal component of this amorphous substance, is nickel or a nickel alloy. 

[0046] In the case of nickel alloys, a film can easily be formed on a metal substrate or alloy substrate by plating. Fur- 
thermore, the surface roughness of this film can be reduced to approximately 0.4 nm (rms). Accordingly, it is desirable 
to use such alloys as the above-mentioned amorphous substance. 

45 [0047] A seventh embodiment consists of any one of the above-mentioned first through fifth embodiments, and is 
characterized by the fact that the amorphous substance making up the above-mentioned metal mirrors is one sub- 
stance selected from a set consisting of silicon oxide, silicon carbide, PSG (phospho-silicate glass), silicon nitride, sili- 
con, carbon and substances containing the above-mentioned substances as principal components. 
[0048] With the above-listed substances, the surface roughness can be reduced to approximately 0.4 nm (rms). 

so Accordingly, it is desirable to use these substances as the above-mentioned amorphous substance. These substances 
can be formed using ordinary thin-film formation techniques, such as vacuum evaporation, sputtering, ion plating or 
CVD (chemical vapor deposition), etc. 

[0049] Below, a preferred embodiment of the present invention will be described with reference to the attached. fig- 
ures. With reference to Figure 1 , a soft X-ray projection exposure apparatus A includes an X-ray source 1 . X-ray multi- 
55 layer film mirrors 2 and 3 (making up an illumination optical system), a mask stage 4, a reflective mask 5, X-ray multi- 
layer film mirrors 6, 7, 8, and 9 (making up a projection optical system), a wafer stage 1 0, and a wafer 1 1 . 
[0050] A laser plasma light source is used as the X-ray source 1. The beam radiated from the X-ray source 1 is 
focused by an illumination optical system consisting of two X-ray multi-layer film mirrors 2 and 3, so that the reflective 
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mask 5 carried on the mask stage 4 is illuminated The beam reflected by the reflective mask 5 passes through a pro- 
jection optical system constructed from four X-ray multi-layer film mirrors 6, 7, 8, and 9, and reaches the wafer 1 1 held 
on the wafer stage 1 0. An image of the circuit pattern formed on the reflective mask 5 is transferred onto the wafer 1 1 
after being reduced to 1/4 the original size. 

[0051] A molybdenum (Mo)/silicon (Si) multi-layer film, which reflects soft X-rays with a wavelength in the vicinity of 
13 nm, is used for the X-ray multi-layer film mirrors 2, 3, 6, 7, 8, and 9 making up the illumination system and projection 
system, and for the reflective mask 5. 

[0052] The reflectivity of the X-ray multi-layer film mirrors is approximately 70%, with the remaining 30% of the X-rays 
being absorbed by the mirrors and converted into heat. In this case, the intensity of the X-rays drops by an amount cor- 
responding to the loss caused by absorption each time the X-rays are reflected from an X-ray multi-layer film mirror. 
Accordingly, the intensity of the X-rays incident on the respective X-ray multi-layer film mirrors is larger as the mirror in 
question is located upstream closer to the X-ray source 1. Preferably, the respective mirrors are cooled by means of 
water cooling in order to dissipate the absorbed heat. However, it is to be appreciated that other cooling means may be 
used. 

[0053] The reflective surfaces of the four mirrors 6, 7, 8, and 9 making up the projection optical system ail have a 
shape that is rotationally symmetrical about the optical axis a-a. The mirror 8 is disposed on the optical axis a-a, and 
the effective diameter of the mirror 8 is the diaphragm of the projection optical system. Here, since the mirror 8 is 
located on the downstream side in the projection system (i.e., the third of four mirrors), the intensity of the X-rays inci- 
dent on this mirror is not very strong. However, since the area irradiated by the X-rays is small, the irradiating X-ray 
intensity per unit area is the largest among the four mirrors making up the projection system. 

[0054] Accordingly, a mirror that has a metal substrate, a thin film of an amorphous substance that is formed on the 
surface of the above-mentioned substrate and whose surface is polished to an optical smoothness, and a multi- layer 
film that is formed on the surface of the above-mentioned thin film and reflects X-rays of a specified wavelength, is used 
as the mirror 8. Mirror 8 has the largest thermal load in the projection system. 

[0055] Furthermore, the intensity of the X-rays incident on the X-ray multi-layer film mirrors 2 and 3 of the illumination 
system located immediately after the X-ray source 1 is especially large. This intensity creates a thermal load that 
causes deformation of the mirrors and deterioration of the multi-layer films. Accordingly, it is preferable to use mirrors of 
the type characterizing the present invention as these mirrors as well. It is to be appreciated by those skilled in the art 
that the question of which mirrors should consist of mirrors of the type characterizing the present invention may be 
determined by an appropriate selection of mirrors. Further, it is to be appreciated that mirrors of the type characterizing 
the present invention are placed in alternative embodiments at points where thermal load per unit area of mirror might 
deform conventional mirrors at the same points when seeking to achieve higher through-put. 

[0056] With reference to Figure 2, a preferred embodiment of a mirror 20 of the present invention includes a metal 
substrate 21 , an amorphous thin film 22, and a multi-layer film 23. The amorphous thin film 22 is formed on the surface 
of the metal substrate 21 , and the multi-layer film 23, which reflects X-rays of a specified wavelength, is formed on the 
surface of the amorphous thin film 22. In cases where electromagnetic or light rays other than X-rays are used, there is 
no need to form the multi-layer film 23. 

[0057] The metal substrate 21 may also consist of an alloy. A material that has a high thermal conductivity and a low 
coefficient of thermal expansion is desirable; generally, however, since metals and alloys have a large coefficient of ther- 
mal expansion, it is desirable that the thermal conductivity be 200 [W/m • K] or greater. In a substrate used in an ordi- 
nary soft X-ray projection exposure apparatus, the thermal conductivity of 200 [W/m • K] or greater serves to suppress 
the amount of thermal deformation to 1 nm or less. Substrate materials that have a thermal conductivity of 200 [W/m • K] 
or greater include aluminum, copper, beryllium, silver and gold (which have extremely high thermal conductivity values), 
as well as alloys containing at least one of these metals. 

[0058] If Rayleigh's condition, which holds that the wave front aberration of an optical system must be 1/4 of the wave- 
length or less, is used, then the shape precision for each individual mirror making up the optical system must be kept 
to a value within: 

(A./4 x 1/2) x 1/n 1/ * (5) 

Here, n is the number of mirrors making up the optical system, and the reason for multiplying by 1/2 is that the system 
is a reflective system. 

[0059] According to Equation (5), when an optical system constructed from four mirrors for example is used at a wave- 
length of 13 nm, the shape error permitted for each individual mirror (pemissible shape error) is 0.81 nm. 
[0060] The thermal conductivity of fused quartz (S1O2). which is widely used in the refractive optical systems of pro- 
jection exposure apparatuses using ultraviolet light, is 1 .38 [W/m • K] and the coefficient of thermal expansion is 0.5 x 
1 0* 6 [1 /K]. Here, it is assumed that the thermal flux Q that is injected into the substrate is 1 0 [mW/cm 2 ]. In order to insure 
practical exposure region dimensions in an X-ray projection exposure apparatus, the diameter of the mirrors must be 
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approximately 50 mm. Furthermore, in order to maintain the shape of the mirrors with precision, it is generally neces- 
sary that the thickness of the mirrors be approximately 1/4 of the diameter. Accordingly, the thickness d of the substrate 
is set at 12.5 mm. 

[0061] When the amount of thermal deformation of fused quartz is calculated by substituting these numerical values 
into Equation (1), a value of 2.83 nm is obtained. Thus, in cases where fused quartz is used for the substrate, the 
amount of thermal deformation that occurs is much larger than the permissible error of 0.81 nm. Thus, a resolution at 
the diffraction limit cannot be obtained in an X-ray optical system constructed from mirrors using fused quartz as a sub- 
strate material. 

[0062] Accordingly, it is desirable to use metal substrates of the above-mentioned types as the substrate in the mirror 
of the present invention. In particular, it is desirable to use an Invar alloy, which has a low thermal expansion rate. 
[0063] Invar alloys (hereinafter "Invar") are known as materials which show a conspicuously small coefficient of ther- 
mal expansion as a result of the effects of magnetostriction. Invar include Fe-Ni alloys, Fe-Ni-Co alloys, Fe-Co-Cr alloys, 
Fe-Pt alloys, Fe-Pd alloys, Zr-Nb-Fe alloys, Cr-Fe-Sn alloys,' Mn-Ge-Fe alloys, Fe-B amorphous alloys and Fe-Ni-Zr 
amorphous alloys, etc. The thermal conductivity of Invar is 12.9 [W/m • K], and the coefficient of thermal expansion is 
0.01 x 10" 6 . If the amount of thermal deformation of Invar is calculated from this numerical value using Equation (1), a 
value of 0.097 nm is obtained; thus, thermal deformation can be suppressed to a sufficiently small value compared to 
the above-mentioned permissible shape error. 

[0064] Generally, however, fine crystal grain boundaries are present in metals; accordingly, it is difficult to polish such 
metals to surfaces that are smooth on the order of nanometers. In Optical Systems for X-Rays by Alan G. Michette 
(1986, Plenum Press. New York), page 74, there is a description of surface roughness values that can be obtained by 
polishing substances that are candidates for use as X-ray mirror materials. According to this description, the rms (root 
mean square) value of the minimum surface roughness obtained using various materials is the smallest, namely 0.4 
nm, in the case of fused quartz and SiC manufactured by CVD (chemical vapor deposition). Since these materials are 
amorphous substances that do not have fine structures, a smooth surface can be obtained. 

[0065] In the case of metals, however, aluminum can only be worked to a surface roughness of approximately 1 .0 nm 
(rms), and copper can only be worked to a surface roughness of approximately 1.3 nm (rms). In the case of gold, silver 
and beryllium as well, it is impossible to work these metals to a smaller surface roughness value. In the case of Invar, 
which consists of a metal, the material can only be worked to a surface roughness of approximately 2.8 nm (rms). In 
the case of other metals as well, only working to a comparable surface roughness is possible. 

[0066] The surface roughness required in the substrate of a multi-layer mirror for X-ray use can be calculated or esti- 
mated from the following equation: 



R/R 0 = exp{-47t(aSineA.) } 



(6) 
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angle of oblique incidence 



45 



50 



55 



[0067] Figure 4 shows the values of R/R 0 for a surface roughness of a where X = 13 nm, and 6 = 90° (perpendicular 
incidence). As is clear from Fig. 4 a reflectivity that is close to 90% of the reflectivity obtained in an ideal case with no 
roughness can be obtained if SiC or fused quartz with a surface roughness of 0.4 nm (rms) is used as the substrate of 
the multi-layer film mirror. However, when Invar having a surface roughness of approximately 2.8 nm is used, X-rays are 
not reflected at all. Further, when a metal having a surface roughness of approximately I nm or greater is used in such 
a substrate, the X-ray reflectivity drops to half or less. 

[0068] The present inventors, as a result of diligent research, discovered that a mirror substrate in which both thermal 
deformation and surface roughness are sufficiently small can be manufactured if a layer of an amorphous substance 
whose surface roughness can be reduced is formed on the surface of a metal such as Invar, or other metal with a high 
thermal conductivity (e. g., aluminum, copper, beryllium, silver, gold or alloys containing these metals) that shows little 
thermal deformation. 

[0069] Specifically, with reference to Figure 2, a mirror in which both thermal deformation and surface roughness are 
sufficiently small can be manufactured by (1) forming a thin film layer of art amorphous substance (e. g.. an amorphous 
thin film layer consisting of a nickel alloy or an amorphous thin film layer whose chief component is a nickel alloy) on the 
surface of a metal such as Invar, aluminum, copper, beryllium, silver gold or an alloy containing such metals; (2) working 
(e. g., cutting, grinding and polishing) this surface to form an optically flat surface; and (3) then forming an X-ray-reflec- 



7 



BNSDOCID: <EP 095556 5A2J_> 



EP 0 955 565 A2 

five multi-layer film on the surface of this worked thin film layer consisting of an amorphous substance so that a multi- 
layer mirror is produced. 

[0070] Such a metal mirror shows little thermal deformation, and is superior in terms of heat dissipation characteris- 
tics. Accordingly, a projection optical system constructed using such rnetal mirrors shows no deterioration in optical 
5 characteristics even when irradiated with strong soft X-rays. Thus, a soft X-ray projection exposure apparatus which has 
a projection system using such metal mirrors makes it possible to realize a high through-put than is possible in conven- 
tional systems. 

[0071] Furthermore, with continuing reference to Figure 4, the drop in reflectivity can be kept to 20% or less if the 
surface roughness (rms) of the thin film layer of the above-mentioned amorphous substance is reduced to 0.5 nm or 
10 less. Accordingly, such a small surface roughness is desirable. If the surface roughness exceeds this limit, the reflectiv- 
ity drops abruptly. 

[0072] In the above-mentioned work of Michette, the surface roughness of nickel formed by electroless plating is con- 
sidered to be 1 .1 nm. However, as a result of recent progress in working techniques, such as cutting, grinding and pol- 
ishing, working to a smaller surface roughness comparable to that of fused quartz has become possible. Accordingly, 

15 in the present working configuration, an amorphous thin film layer consisting of a nickel alloy, or an amorphous thin film 
layer whose chief ingredient is a nickel alloy, is used as the above-mentioned thin film layer of an amorphous substance. 
As was mentioned above, the surface roughness of such an amorphous thin film layer can be reduced to 0.4 nm (rms). 
As is seen from Figure 4, the drop in reflectivity of the multi-layer film minor due to surface roughness can be kept to 
1 0% or less, so that a sufficiently high reflectivity can be obtained. pjf 

20 [0073] Silicon oxide (Si0 2 ) or silicon carbide (SiC), can be used as the above-mentioned thin film layer consisting of 
an amorphous substance. According to the above-mentioned work of Michette, the surface roughness of Si0 2 and SiC 
can be reduced to 0.4 nm (rms). Accordingly, as is seen from Figure 4, the drop in reflectivity of the multi-layer film mir- 
ror can be kept to 10% or less, so that a mirror with a sufficiently high reflectivity can be obtained. 
[0074] Amorphous thin films of Si0 2 or SiC can be formed by ordinary thin-film formation techniques such as vacuum 

25 evaporation, sputtering, ion plating or CVD (chemical vapor deposition). When a thin film is formed on a metal substrate 
consisting of Invar, if the substrate temperature during film formation is too high, there will be an increase in surface 
roughness caused by oxidation and crystallization of the surface of the metal substrate. Accordingly, such an exces- 
sively high temperature is undesirable. In the case of vacuum evaporation, sputtering and ion plating, film formation is 
possible at room temperature. Furthermore, when CVD is used, it is desirable to use plasma CVD and light CVD that 

30 allow film formation at low temperatures ranging from room temperature to approximately 300°C, rather than hot CVD 
in which films are formed at high temperatures exceeding 1000°C. 

[0075] Furthermore, there are no particular restrictions on the material of the amorphous thin film formed on the sur- 
face of the metal substrate, as long as the material used is a material whose surface can be polished to a smooth sur- 
face. Since the thickness of this thin film is small, i.e., a few microns, the selection of material is not restricted by thermal 
35 conductivity or coefficient of thermal expansion. For example, in addition to the above-mentioned nickel alloys, silicon 
oxide (Si0 2 ) and silicon carbide (SiC), it is also possible to use PSG (phospho-silicate glass), silicon nitride (Si 3 N 4 ), sil- 
icon (Si) or carbon (C). 

[0076] Furthermore, as is clear from Equation (1 ), the amount of thermal deformation Ax is proportional to a (coeffi- £f?i 
cient of thermal expansion)/^ (thermal conductivity). Accordingly, besides using metals with a small coefficient of ther- j 
40 mal expansion such as Invar, it is also effective to use metals that have a large thermal conductivity as described above. 
[0077] In the case of fused quartz, a/n is 3.62 x 10" 7 [m/W]. 

[0078] The coefficient of thermal expansion of aluminum is 25 x 1 0" 6 /K, and the thermal conductivity is 237 [W/m • K] 
accordingly, a/n is 1.05 x 10" 7 [m/W]. 

[0079] The coefficient of thermal expansion of copper is 16.6 x 10~ 6 /K, and the thermal conductivity is 401 [W/m • K] 
45 accordingly, a/n is 4. 1 4 x 1 0" 8 [m/W]. 

[0080] The coefficient of thermal expansion of beryllium is 12 x 10~ 6 /K, and the thermal conductivity is 201 [W/m • K] 
accordingly, o/n is 5.95 x 10~ 8 [m/W]. 

[0081] The coefficient of thermal expansion of silver is 19 x 10" 6 /K, and the thermal conductivity is 429 [W/m - K] 
accordingly, a/n is 4.43 x 10~ 8 [[m/W]]. 
so [0082] The coefficient of thermal expansion of gold is 14.2 x 10" 6 /K, and the thermal conductivity is 318 [W/m - K] 
accordingly, aJ^ is 4.47 x 10' 8 [m/W]. 

[0083] Thus, if metals such as aluminum, copper, silver, beryllium or gold, etc., are used, the value of a (coefficient 
of thermal expansion)/^ (thermal conductivity) can be reduced to a value that is 1/3 to 1/9 the value obtained in the case 
of fused quartz. Accordingly, the amount of thermal deformation Ax can also be reduced by a corresponding amount. 
55 With metals having a common coefficient of thermal expansion, the amount-of deformation of the mirror can be sup- 
pressed to 1 nm or less by using a metal that has a thermal conductivity of 200 [W/m - K] or greater. 
[0084] An eighth embodiment of the present invention is a reflective mirror that is used in places where large amounts 
of heat from incident light rays are absorbed. This mirror is characterized by the fact that the mirror has a metal sub- 
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strate or alloy substrate, and a thin film of an amorphous substance that is farmed on the surface of the above-men- 
tioned substrate, and a surface that is polished to optical smoothness. 

[0085] The present means is used in projection exposure apparatuses that use light rays other than X-rays. In order 
to allow efficient escape of the heat generated by the light incident on the reflective mirror to the side of the cooling 
5 device disposed on the undersurface of the reflective mirror, a metal substrate or alloy substrate is used as the sub- 
strate. Accordingly, shape error occurring as a result of thermal deformation is decreased. Furthermore, a metal sub- 
strate or alloy substrate can be easily worked. Thus, the shape error occurring during manufacture can be reduced. 
[0086] However, it is difficult to reduce the surface roughness of a metal substrate or alloy substrate. Consequently, 
such substrates cannot be used "as is" in the reflective mirror that constitutes the object of the present invention. 
w Accordingly, an amorphous substance whose surface is polished to an optical smoothness is formed on the surface of 
such substrates. The surface of such an amorphous substance can be polished smooth. Therefore, the object of the 
present invention can be achieved by using such a substance as the reflective surface. 

[0087] Specifically, the present invention makes it possible to reduce shape error and surface roughness. Further- 
more, thermal deformation caused by irradiating light can be suppressed to a sufficiently small value. Accordingly, illu- 
15 minating light with a strong intensity can be used, so that both a high resolution and a high through-put can be 
simultaneously achieved in a projection exposure apparatus. 

[0088] A ninth embodiment used in order to achieve the above-mentioned object is a reflective mirror that is used in 
places where large amounts of heat from incident light rays or X-rays are absorbed. This mirror is characterized by the 
fact that the mirror has a metal substrate or alloy substrate, a thin film of an amorphous substance that is formed on the 
20 surface of the above-mentioned substrate and whose surface is polished to optical smoothness, and a mufti -layer film 
that is formed on the surface of the above-mentioned thin film and reflects X-rays of a specified wavelength. 
[0089] The present embodiment of the invention is used in a projection exposure apparatus that uses X-rays, and dif- 
fers from the above-mentioned eighth embodiment only in that a multi-layer f flm is formed in order to reflect X-rays. The 
effect is the same as that of the above-mentioned eighth embodiment. However, since the amount of input heat is espe- 
25 cially large in cases when X-rays are used, the effect of the present embodiment is great. 

[0090] A tenth embodiment consists of the above-mentioned eighth or ninth embodiments, and is characterized by 
the fact that the surface roughness of the above-mentioned amorphous substance is 0.5 nm (rms) or less. 
[0091] As will be described below, setting the surface roughness of the above-mentioned amorphous substance at 
0.5 nm (rms) or less makes it possible to obtain a reflectivity of 80% or more of the reflectivity of a perfectly flat surface 
30 with respect to practical X-rays. Furthermore, since the surface roughness of the amorphous substance is 0.5 nm (rms) 
or less, the irregularity of the multi-layer film formed on top of the amorphous substance has a similar value, so that an 
optically flat reflective body can be obtained. 

[0092] An eleventh embodiment consists of any of the above-mentioned eighth through tenth embodiments, and is 
characterized by the fact that the above-mentioned amorphous substance or the chief component of the above-men- 
35 tioned amorphous substance is nickel or a nickel alloy. 

[0093] In the case of nickel alloys, a film can easily be formed on the surface of a metal substrate or alloy substrate 
by plating. Furthermore, the surface roughness can be controlled to approximately 0.4 nm (rms) by working. Accord- 
, . ingly, it is desirable to use such alloys as the above-mentioned amorphous substance. 

tjg) [0094] A twelfth embodiment consists of any of the above-mentioned eighth through eleventh means, which is char- 

40 acterized by the fact that the Equation (1 ) is satisfied. 

[0095] A thirteenth embodiment consists of any of the above-mentioned eighth through twelfth means, which is char- 
acterized by the fact that the thermal conductivity of the above-mentioned substrate is 200 [W/m • K] or greater. 
[0096] When a metal or alloy, which has an ordinary coefficient of thermal expansion, is used as a substrate having 
a thermal conductivity of less than 200 [W/m • K], the deformation will be large when this substrate is used as a ret lec- 

45 tive mirror in a projection exposure apparatus using X-rays. Thus, a mirror with sufficient precision cannot be obtained. 
[0097] A fourteenth embodiment consists of any of the above-mentioned eighth through thirteenth embodiments, and 
is characterized by the fact that the material of the above-mentioned substrate is a material selected from a set consist- 
ing of aluminum, alloys containing aluminum, copper, alloys containing copper, beryllium, alloys containing beryllium, 
silver, alloys containing silver, gold, and alloys containing gold. 

so [0098] These materials have a high thermal conductivity. Accordingly, when such materials are used as the material 
of the above-mentioned substrate, the amount of thermal deformation caused by incident X-rays is small. A mirror that 
is favorable for use as a reflective mirror in a projection exposure apparatus can be obtained. 

[0099] A fifteenth embodiment is a method for manufacturing a reflective mirror that includes a process in which a 
metal substrate or alloy substrate is prepared, a process in which an amorphous thin film consisting of a nickel alloy or 
55 an amorphous thin film whose chief ingredient is a nickel alloy is formed on the surface of the above-mentioned sub- 
strate, and a process in which the surface of the above-mentioned amorphous thin film is worked into an optically 
smooth surface. 

[0100] This embodiment makes it possible to form an amorphous thin film consisting of a nickel alloy (or an amor- 
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phous thin film whose chief ingredient is a nickel alloy) that has an extremely small surface roughness on the surface of 
the above-mentioned metal substrate or alloy substrate that shows a small thermal deformation. Accordingly, a reflec- 
tive mirror that is suitable for use in a projection exposure apparatus utilizing light rays other than X-rays caR be 
obtained. 

[0101] A sixteenth embodiment is a method for manufacturing a reflective mirror that includes a process in which a 
metal substrate or aJloy substrate is prepared, a process in which an amorphous thin film consisting of a nickel alloy or 
an amorphous thin film whose chief ingredient is a nickel alloy is formed on the surface of the above-mentioned sub- 
strate, a process in which the surface of the above-mentioned amorphous thin film is worked into an optically smooth 
surface, and a process in which a multi-layer film that reflects X-rays of a specified wavelength is formed on the surface 
of the above-mentioned amorphous thin film that has been worked into an optically smooth surface. 
[0102] In this embodiment, a process in which a mufti-layer film that reflects X-rays of a specified wavelength is formed 
is added to the above-mentioned fifteenth embodiment. This embodiment makes it possible to form an amorphous thin 
film consisting of a nickel alloy (or an amorphous thin film whose chief ingredient is a nickel alloy) which has an 
extremely small surface roughness on the surface of the above-mentioned metal substrate or alloy substrate which 
shows a small thermal deformation. Accordingly, the irregularity in the multi-layer film that reflects X-rays is also small, 
so that a reflective mirror which is suitable for use in a projection exposure apparatus utilizing X-rays can be obtained. 
[0103] A seventeenth embodiment consists of the above-mentioned fifteenth means or sixteenth embodiment, and is 
characterized by the fact that the above-mentioned amorphous thin film consisting of a nickel alloy or amorphous thin 
film whose chief ingredient is a nickel alloy is formed by a plating process. 

[0104] If a plating process, especially an electroless plating process, is used, the above-mentioned amorphous thin 
film consisting of a nickel alloy or amorphous thin film whose chief ingredient is a nickel alloy can easily be formed. 
[0105] The thermal deformation Ax of a substrate in which a nickel thin film is formed on the surface of aluminum will 
be investigated using Equation (1). The thermal flux Q injected into the substrate is assumed to be 10 [mW/cm 2 ], and 
the overall thickness of the substrate is set at 12 5 mm. In this case, the amount of deformation of the aluminum sub- 
strate alone is 0.83 nm. Even if a nickel thin film layer with a thickness of 1 mm is formed on the surface of this substrate, 
the thermal deformation of the nickel thin film layer is 0.007 nm. so that the thermal deformation Ax hardy differs from 
that of aluminum alone. Accordingly, the thermal deformation can be suppressed to a value which is sufficiently smaller 
than the permitted shape error. 

[0106] The thermal deformation Ax of a substrate in which a nickel thin film is formed on the surface of copper will be 
investigated using Equation (1). The thermal flux Q injected into the substrate is assumed to be 10 [mW/cm 2 ], and the 
overall thickness of the substrate is set at 12.5 mm. In this case, the amount of deformation of the copper substrate 
alone is 0.32 nm. Even if a nickel thin film layer with a thickness of 1 mm is formed on the surface of this substrate, the 
thermal deformation of the nickel thin film layer is 0.007 nm, so that the thermal deformation Ax hardly differs from that 
of copper alone. Accordingly, the thermal deformation can be suppressed to a value which is sufficiently smaller than 
the permitted shape error. 

[0107] The thermal deformation Ax of a substrate in which a nickel thin film is formed on the surface of beryllium will 
be investigated using Equation (1). The thermal flux Q injected into the substrate is assumed to be 10 [mW/cm 2 ], and 
the overall thickness of the substrate is set at 12.5 mm. In this case, the amount of deformation of the beryllium sub- 
strate alone is 0.47 nm. Even if a nickel thin film layer with a thickness of 1 mm is formed on the surface of this substrate, 
the thermal deformation of the nickel thin film layer is 0.007 nm, so that the thermal deformation Ax hardly differs from 
that of beryllium alone. Accordingly, the thermal deformation can be suppressed to a value which is sufficiently smaller 
than the permitted shape error. 

[0108] The thermal deformation Ax of a substrate in which a nickel thin film is formed on the surface of silver will be 
investigated using Equation (1). The thermal flux Q injected into the substrate is assumed to be 10 [mW/cm 2 ], and the 
overall thickness of the substrate is set at 12.5 mm. In this case, the amount of deformation of the silver substrate alone 
is 0.35 nm. Even if a nickel thin film layer with a thickness of 1 mm is formed on the surface of this substrate, the thermal 
deformation of the nickel thin film layer is 0.007 nm, so that the thermal deformation Ax hardly differs from that of silver 
alone. Accordingly, the thermal deformation can be suppressed to a value which is sufficiently smaller than the permit- 
ted shape error. 

[0109] The thermal deformation Ax of a substrate in which a nickel thin film is formed on the surface of gold will be 
investigated using Equation (1). The thermal flux Q injected into the substrate is assumed to be 10 [mW/cm 2 ], and the 
overall thickness of the substrate is set at 12.5 mm. In this case, the amount of deformation of the gold substrate alone 
is 0.35 nm. Even if a nickel thin film layer with a thickness of 1 mm is formed on the surface of this substrate, the thermal 
deformation of the nickel thin film layer is 0.007 nm, so that the thermal deformation Ax hardly differs from that of gold 
alone. Accordingly, the thermal deformation can be suppressed to a value which is sufficiently smaller than the permit- 
ted shape error. 

[01 1 0] When the surface of the amorphous thin film formed on the surface of the substrate is polished to the required 
surface roughness by means of working (e. g., cutting, grinding and polishing) techniques, the mirror substrate is com- 
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pleted. Furthermore, when used as an X-ray mirror, a multi-layer film for the reflection of X-rays may be formed on the 
surface of the amorphous thin film. Since this multi-layer film has a thickness of only a few tenths of a micron, the ther- 
mal deformation of this film can be ignored. 

[01 1 1 ] An amorphous thin film layer consisting of a nickel alloy, can be formed by plating, especially electrotess plat- 
ing. 

[0112] Below, embodiments or working examples of the projection exposure apparatus and mirror of the present 
invention are described in greater detail. 

Working Example 1 



70 



[0113] An amorphous thin film consisting of an alloy of nickel and phosphorous (Ni(90 wt%)-P (10 wt%)) was formed 
by electroless plating on the surface of Invar, and the surface of this film was worked (cut, ground and polished) to the 
required surface roughness. Then, an X-ray -reflective multi-layer film was formed on the worked surface of the amor- 
phous thin film, thus producing an X-ray multi-layer film mirror with a diameter of 50 mm, a curvature radius of 500 mm 
75 and a center thickness of 12.5 mm. The manufacturing process of this mirror will be described in order with reference 
to Figure 2. 

[01 1 4] First, the Invar material was cut to produce an Invar substrate 21 , which had a diameter of 50 mm and a center 
thickness of 12 mm. The front surface of the substrate was a concave surface with a curvature radius of 500 rum and 
\}"% the back surface was a flat surface. 

" V. • 20 [0115] Then, after the front surface of the substrate (i.e., the surface on which the thin film was to be formed) was 
finished by electrolytic polishing to a minor surface with a surface roughness of 10 nm (rms) or less, an amorphous thin 
film 22 consisting of an alloy of nickel and phosphorous ((Ni(90 wt%)-P(10 wt%)) was formed to a thickness of 500 \xm 
on this surface by an electroless plating process. 

[01 1 6] Next, the surface of the amorphous thin film 22 was cut and polished, and was thus smoothed until the surface 
25 roughness was 0.4 nm (rms). 

[0117] Thus, an X-ray mirror substrate, in which an amorphous thin film 22 consisting of a nickel alloy was formed on 
an Invar substrate 21 , was produced. 

[01 18] Finally, an X-ray-reflective multi-layer film 23 with 50 laminated layers and a periodic length of 6.7 nm consist- 
ing of molybdenum (Mo) and silicon (Si) was formed on the front surface of the substrate by ion beam sputtering, thus 

30 completing the X-ray multi-layer film mirror. 

[01 1 9] When the back surface of this multi-layer film mirror was cooled and maintained at a constant temperature, the 
thermal deformation was 0.1 nm or loss even when a thermal flux of 10 [mW/cm 2 ) was incident on all or part of the sur- 
face. Accordingly, it was possible to construct a diffraction limit optical system using X-rays with a wavelength of 13 nm. 
[0120] Accordingly, with reference to Figure 1, this reflective mirror was used as the mirror 8, which had the largest 

35 thermal load among the mirrors in the projection system. Under conditions producing a through-put of 30 wafers/hour, 
the intensity of the K-rays incident on the mirror 8 was approximately 30 [mW/cm 2 ]. 30% of the X-rays incident on the 
mirror 8 (approximately 9 [mW/cm 2 ]) were absorbed and converted into a thermal load; however, the thermal deforma- 
: . \ tion was less than 0.1 nm, so that the mirror was sufficiently usable as a mirror in a high-through-put soft X-ray projec- 

tion exposure apparatus using X-rays with a wavelength of 13 nm. 



40 



Working Example 2 



[0121] An amorphous thin film consisting of silicon oxide (SiC>2) was formed by sputtering on the surface of Invar, and 
the surface of this film was worked (cut, ground and polished) to the required surface roughness. Then, an X-ray-ref lec- 
45 tive multi-layer film was formed on the worked surface of the amorphous thin film, thus producing an X-ray multi-layer 
film mirror with a diameter of 50 mm, a curvature radius of 500 mm and a center thickness of 12 mm. The manufacturing 
process of this mirror will be described in order with reference to Figure 2. 

[0122] First, the Invar material was cut to produce an Invar substrate 21 , which had a diameter of 50 mm and a center 
thickness of 1 2 mm. The front surface of the substrate was a concave surface with a curvature radius of 500 mm and 

so the back surface was a flat surface. 

[0123] Then, after the front surface of the substrate (i.e., the surface on which the thin film was to be formed) was 
finished by electrolytic polishing to a mirror surface with a surface roughness of 10 nm (rms) or less, an amorphous thin 
film 22 consisting of Si02 was formed to a thickness of 5 jim on this surface by radio frequency magnetron sputtering. 
[0124] Next, the surface of the amorphous thin film 22 was cut and polished, and was thus smoothed until the surface 

55 roughness was 0.4 nm (rms). 

[0125] Thus, an X-ray mirror substrate, in which an amorphous thin film 22 consisting of Si0 2 was formed on an Invar 
substrate 21 , was produced. 

[0126] Finally, an X-ray-reflective multi-layer film 23 with 50 laminated layers and a periodic length of 6.7 nm consist- 
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ing of molybdenum (Mo) and silicon (Si) was formed on the front surface of the substrate by ion beam sputtering, thus 
completing the X-ray multi-layer film mirror. 

[0127] When the back surface of this multi-layer film mirror was cooled and maintained at a constant temperature; the 
thermal deformation was 0.1 nm or less even when a thermal flux of 10 [mW/cm 2 ] was incident on all or part of the sur- 
face. Accordingly, it was possible to construct a diffraction limit optical system using X-rays with a wavelength of 1 3 nm. 
[0128] Accordingly, this reflective mirror was used as the mirror 8, which had the largest thermal load among the mir- 
rors in the projection system of the soft X-ray projection exposure apparatus shown in Figure 1. Under conditions pro- 
ducing a through-put of 30 wafers/hour, the intensity of the X-rays incident on the mirror 8 was approximately 30 
[mW/cm 2 ]. 30% of the X-rays incident on the mirror 8 (approximately 9 [mW/cm 2 ]) were absorbed and converted into a 
thermal load; however, the thermal deformation was less than 0.1 nm, so that the mirror was sufficiently usable as a 
mirror in a high-through-put soft X-ray projection exposure apparatus using X-rays with a wavelength of 13 nm. 

Working Example 3 

[0129] An amorphous thin film consisting of silicon carbide (SiC) was formed by CVD on the surface of Invar, and the 
surface of this film was worked (cut, ground and polished) to the required surface roughness. Then, an X-ray-reflective 
multi-layer film was formed on the worked surface of the amorphous thin film, thus producing an X-ray multi-layer film 
mirror with a diameter of 50 mm, a curvature radius of 500 mm and a center thickness of 12 mm. The manufacturing 
process of this mirror will be described in order with reference to Figure 2. 

[0130] First, an Invar material was cut to produce an Invar substrate 21, which had a diameter of 50 mm, a center 
thickness of 12 mm, a concave front surface with a curvature radius of 500 mm, and aflat back surface. 
[0131] Then, the front surface of the substrate (i.e., the surface on which the thin film was to be formed) was finished 
by electrolytic polishing to a mirror surface with a surface roughness of 10 nm (rms) or less. Afterward, an amorphous 
thin film 22 consisting of SIC was formed on this surface to a thickness of 50 M m by means of plasma CVD using SiCI 4 
and CH 4 as raw materials. 

[0132] Next, the surface of the amorphous thin film 22 was cut and polished, and was thus smoothed until the surface 
Toughness was 0.4 nm (rms). 

[0133] Thus, an X-ray mirror substrate, in which an amorphous thin film 22 consisting of SiC was formed on an Invar 
substrate 21 , was produced. 

[0134] Finally, an X-ray-refiective multi -layer film 23 with 50 laminated layers and a periodic length of 6.7 nm consist- 
ing of molybdenum (Mo) and silicon (Si) was formed on the front surface of the substrate by high frequency magnetron 
sputtering, thus completing the X-ray multi-layer film mirror. 

[0135] When the back surface of this multi-layer film mirror was cooled and maintained at a constant temperature, the 
thermal deformation was 0.1 nm or less even when a thermal flux of 1 0 [mW/cm 2 ] was incident on all or part of the sur- 
face. Accordingly, it is possible to construct a diffraction limit optical system using X-rays with a wavelength of 13 nm. 
[0136] Accordingly, this reflective mirror was used as the mirror 8, which had the largest thermal load among the mir- 
rors in the projection system of the soft X-ray projection exposure apparatus shown in Figure 1. Under conditions pro- 
ducing a through-put of 30 wafers/hour, the intensity of the X-rays incident on the mirror 8 was approximately 30 
[mW/cm 2 ]. 30% of the X-rays incident on the mirror 8 (approximately 9 [mW/cm])) were absorbed and converted into a 
thermal load; however, the thermal deformation was less than 0.1 nm, so that the mirror was sufficiently usable as a 
mirror in a high-through-put soft X-ray projection exposure apparatus using X-rays with a wavelength of 13 nm. 

Working Example 4 

[0137] In the present working example, an amorphous thin film consisting of an alloy of nickel and phosphorous (Ni(90 
wt%)-P(10 wt%)) was formed by electroless plating on the surface of aluminum, and this surface was worked (cut, 
ground and polished) to produce the necessary surface roughness. Furthermore, an X-ray-reflective multi-layer film 
was formed on the surface of the worked amorphous thin film, thus producing an X-ray multi-layer film reflective mirror 
which had a diameter of 50 mm, a curvature radius of 500 mm, and a center thickness of 12.5 mm. The manufacturing 
process of this mirror will be explained in order with reference to Figure 2. 

[0138] First, the aluminum material was cut to produce an aluminum substrate 21, which had a diameter of 50 mm 
and a center thickness of 12 mm. The front surface of the substrate was a concave surface with a curvature radius of 
500 mm and the back surface was a flat surface. 

[0139] Them after the front surface of the substrate (i.e., the surface on which the thin film was to be formed) was 
finished by electrolytic polishing to a mirror surface with a surface roughness of 10 nm (rms) or less, an amorphous thin 
film 22 consisting of an alloy of nickel and phosphorous (Ni(90 wt%)-P(10 wt%)) was formed to a thickness of 500 urn 
on this surface by an electroless plating process. 

[0140] Next, the surface of the amorphous thin film 22 was cut and polished, and was thus smoothed until the surface 
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roughness was 0.4 nm (rms). 

[0141] Thus, an X-ray mirror substrate, in which an amorphous thin film 22 consisting of a nickel alloy was formed on 
an aluminum substrate 21 , was produced. 

[0142] Finally, an X-ray-reflective multi-layer film 23 with 50 laminated layers and a periodic length of 6.7 nm consist- 
5 ing of molybdenum (Mo) and silicon (Si) was formed on the front surface of the substrate by ion beam sputtering, thus 
completing the X-ray multi-layer film mirror. 

[0143] When the back surface of this multi-layer film mirror was cooled and maintained at a constant temperature, the 
thermal deformation was 0.1 nm or less even when a thermal flux of 10 [mW/cm 2 ] was incident on all or part of the sur- 
face. Accordingly, it was possible to construct a diffraction limit optical system using X-rays with a wavelength of 1 3 nm. 
io [0144] Similar results were obtained when an alloy material containing aluminum was used instead of aluminum as 
the material of the metal substrate 21 with a high thermal conductivity. 

Working Example 5 

75 [0145] In the present working example, an amorphous thin film consisting of a nickel alloy was formed by electroless 
plating on the surface of copper, and this surface was worked (cut, ground and polished) to produce the necessary sur- 
face roughness. Furthermore, an X-ray- reflective multi -layer film was formed on the surface of the worked amorphous 
thin film, thus producing an X-ray multi -layer film reflective mirror which had a diameter of 50 mm, a curvature radius of 
500 mm, and a center thickness of 1 2.5 mm. The manufacturing process of this mirror will be iexplained in order with 
20 reference to Figure 2. 

[0146] First, the copper material was cut to produce a copper substrate 21 , which had a diameter of 50 mm and a 
center thickness of 12 mm. The front surface of the substrate was a concave surface with a curvature radius of 500 mm 
and the back surface was a flat surface. 

[0147] Then, after the front surface of the substrate (i.e., the surface on which the thin film was to be formed) was 
25 finished by electrolytic polishing to a mirror surface with a surface roughness of 1 0 nm (rms) or less, an amorphous thin 
film 22 consisting of an alloy of nickel and phosphorous (Ni(90 wt%-P(10 wt%)) was formed to a thickness of 500 nm 
on this surface by an electroless plating process. 

[0148] Next, the surface of the amorphous thin film 22 was cut and polished, and was thus smoothed until the surface 
roughness was 0.4 nm (rms). 

30 [0149] Thus, an X-ray mirror substrate, in which an amorphous thin film 22 consisting of a nickel alloy was formed on 
a copper substrate 21 , was produced. 

[0150] Finally, an X-ray- reflective multi-layer film 23 with 50 laminated layers and a periodic length of 6.7 nm consist- 
ing of molybdenum (Mo) and silicon (Si) was formed on the front surface of the substrate by magnetron sputtering, thus 
completing the X-ray multi-layer film mirror. 
35 [0151 ] When the back surface of this multi-layer film mirror was cooled and maintained at a constant temperature, the 
thermal deformation was 0.1 nm or less even when a thermal flux of 1 0 [mW/cm 2 ] was incident on all or part of the sur- 
face. Accordingly, it was possible to construct a diffraction limit optical system using X-rays with a wavelength of 1 3 nm. 
[0152] Similar results were obtained when an alloy material containing copper was used instead of copper as the 
V% material of the metal substrate 21 with a high thermal conductivity. 

40 

Working Example 6 

[0153] In the present working example, an amorphous thin film consisting of a nickel alloy was formed by electroless 
plating on the surface of beryllium, and this surface was worked (cut, round and polished) to produce the necessary sur- 
45 face roughness. Furthermore, an X-ray-reflective multi-layer film was formed on the surface of the worked amorphous 
thin film, thus producing an X-ray multi-layer film reflective mirror which had a diameter of 50 mm, a curvature radius of 
500 mm, and a center thickness of 12.5 mm. The manufacturing process of this mirror will be explained in order with 
reference to Figure 2. 

[0154] First, the beryllium material was cut to produce a beryllium substrate 21 , which had a diameter of 50 mm and 
so a center thickness of 12 mm. The front surface of the substrate was a concave surface with a curvature radius of 500 
mm and the back surface was a flat surface. 

[0155] Then, after the front surface of the substrate (i.e., the surface on which the thin film was to be formed) was 
finished by electrolytic polishing to a mirror surface with a surface roughness of 1 0 nm (rms) or less, an amorphous thin 
film 22 consisting of an alloy of nickel and phosphorous (Ni(90 wt%)-P(1 0 wt%)) was formed to a thickness of 500 |im 
55 on this surface by an electroless plating process. 

[01 56] Next, the surface of the amorphous thin film 22 was cut and polished, and was thus smoothed until the surface 
roughness was 0.4 nm (rms). 

[0157] Thus, an X-ray mirror substrate, in which an amorphous thin film 22 consisting of a nickel alloy was formed on 
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a beryllium substrate 22, was produced. 

[0158] Finally, an X-ray-reflective multi-layer film 23 with 50 laminated layers and a periodic length of 6.7 nm consist- 
ing of molybdenum (Mo) and silicon (Si) was formed on the front surface of the substrate by ion beam sputtering, thus 
completing the X-ray multi-layer film mirror. 
5 [01 59] When the back surface of this multi-layer film mirror was cooled and maintained at a constant temperature, the 
thermal deformation was 0.1 nm or less even when a thermal flux of 10 [mW/cm 2 ] was incident on all or part of the sur- 
face. Accordingly, it was possible to construct a diffraction limit optical system using X-rays with a wavelength of 13 nm. 
[0160] Similar results were obtained when an alloy material containing beryllium was used instead of beryllium as the 
material of the metal substrate 1 with a high thermal conductivity. 

w 

Working Example 7 

[0161] In the present working example, an amorphous thin film consisting of a nickel alloy was formed by electroless 
plating on the surface of silver, and this surface was worked (cut, ground and polished) to produce the necessary sur- 
15 face roughness. Furthermore, an X-ray-reflective multi-layer film was formed on the surface of the worked amorphous 
thin film, thus producing an X-ray multi-layer film reflective mirror which bad a diameter of 50 mm, a curvature radius of 
500 mm, and a center thickness of 12.5 mm. The manufacturing process of this mirror will be explained in order with 
reference to Figure 2. 

[0162] First, the silver material was cut to produce a silver substrate 21 , which had a diameter of 50mm and a center 
20 thickness of 12 mm. The front surface of the substrate was a concave surface with a curvature radius of 500 mm and 
the back surface was a fiat surface. 

[0163] Then, after the front surface of the substrate (i.e., the surface on which the thin film was to be formed) was 
finished by electrolytic polishing to a mirror surface with a surface roughness of 10 nm (rms) or less, an amorphous thin 
film 22 consisting of an alloy of nickel and phosphorous (Ni(90 wt%)-P(10 wt%)) was formed to a thickness of 500 jam 
25 on this surface by an electroless plating process. 

[01 64] Next, the surface of the amorphous thin film 22 was cut and polished, and was thus smoothed until the surface 
roughness was 0.4 nm (rms). 

[0165] Thus, an X-ray mirror substrate, in which an amorphous thin film 22 consisting of a nickel alloy was formed on 
a silver substrate 21 , was produced. 
30 [0166] Finally, an X-ray-reflective multi-layer film 23 with 50 laminated layers and a periodic length of 6.7 nm consist- 
ing of molybdenum (Mo) and silicon carbide (SiC) was formed on the front surface of the substrate by magnetron sput- 
tering, thus completing the X-ray multi-layer film mirror. 

[01 67] When the back surface of this multi-layer film mirror was cooled and maintained at a constant temperature, the 
thermal deformation was 0.1 nm or less even when a thermal flux of 10 [mW/cm 2 ] was incident on all or part of the sur- 
35 face. Accordingly, it was possible to construct a diffraction limit optical system using X-rays with a wavelength of 1 3 nm. 
[0168] Similar results were obtained when an alloy material containing silver was used instead of silver as the material 
of the metal substrate 21 with a high thermal conductivity. 

Working Example 8 fet 

40 

[0169] In the present working example, an amorphous thin film consisting of a nickel alloy was formed by electroless 
plating on the surface of gold, and this surface was worked (cut, ground and polished) to produce the necessary surface 
roughness. Furthermore, an X-ray-reflective multi-layer film was formed on the surface of the worked amorphous thin 
film, thus producing an X-ray multi -layer film reflective mirror which had a diameter of 50 mm, a curvature radius of 500 
45 mm, and a center thickness of 12.5 mm. The manufacturing process of this mirror will be explained in order with refer- 
ence to Figure 2. 

[0170] First, the gold material was cut to produce a gold substrate 1, which had a diameter of 50 mm and a center 
thickness of 12 mm. The front surface of the substrate was a concave surface with a curvature radius of 500 mm and 
the back surface was a flat surface. 
so [0171] Then, after the front surface of the substrate (i.e., the surface on which the thin film was to be formed) was 
finished by electrolytic polishing to a mirror surface with a surface roughness of 10 nm (rms) or less, an amorphous thin 
film 22 consisting of an alloy of nickel and phosphorous (Ni(90 wt%)-P(10 wt%)) was formed to a thickness of 500 nm 
on this surface by an electroless plating process. 

[0172] Next, the surface of the amorphous thin film 22 was cut and polished, and was thus smoothed until the surface 
55 roughness was 0.4 nm (rms). 

[0173] Thus, an X-ray mirror substrate, in which an amorphous thin film 22 consisting of a nickel alloy was formed on 
a gold substrate 21 , was produced. 

[0174] Finally, an X-ray-reflective mufti-layer film 23 with 50 laminated layers and a periodic length of 6.7 nm consist- 
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ing of molybdenum (Mo) and silicon, carbide (SiC) was formed on the front surface of the substrate by ion beam sput- 
tering, thus completing the X-ray multi-layer film mirror. 

[01 75] When the back surface of this multi-layer film mirror was cooled and maintained at a constant temperature, the 
thermal deformation was 0. 1 nm or less even when a thermal flux of 1 0 [mW/cm 2 ] was incident on all or part of the sur- 
face. Accordingly, it was possible to construct a diffraction limit optical system using X-rays with a wavelength of 1 3 nm. 
[0176] Similar results were obtained when an alloy material containing gold was used instead of gold as the material 
of the metal substrate 21 with a high thermal conductivity. 

[0177] Furthermore, in the above-mentioned working examples, aluminum, copper, beryllium silver and gold were 
respectively used as the material of the high-thermal-conductivity metal substrate 1 . The material of the metal substrate 
21 is not limited to these metals. It is desirable, though, that the thermal conductivity of the material used be 200 
[W/m • K] or greater. 

[0178] Using the reflective mirrors of the above-mentioned working examples, it was possible to reduce the shape 
error and surface roughness, and to suppress the thermal deformation caused by the illuminating light such as X-rays 
to a sufficiently small value. Furthermore, when the reflective mirrors of the above-mentioned working examples were 
used in an X-ray optical system, it was possible to achieve both a high resolution and a high through-put in an X-ray 
projection exposure apparatus. 

[0179] The reflective mirrors of the above-mentioned working examples can be used in X-ray optical systems other 
than systems used in X-ray projection exposure apparatuses, and can also be used in high-precision reflective optical 
systems used in wavelength regions other than the X-ray region, and a similar effect can be obtained in such cases. 
Furthermore, when these mirrors are used in high-precision reflective optical systems used in wavelength regions other 
than the X-ray region, the above-mentioned multi-layer film 23 that reflects X-rays is unnecessary. 

Working Example 9 

25 [0180] In the present working example, the X-ray multi-layer film reflective mirror manufactured in Working Example 
4 was applied to the projection optical system of a soft X-ray projection exposure apparatus. This application to a soft 
X-ray projection exposure apparatus will be described with reference to Figure 1. In Figure 1. 1 indicates an X-ray 
source, 2 and 3 indicate X-ray multi-layer film mirrors (illumination system), 4 indicates a mask stage, 5 indicates a 
reflective mask, 6, 7, 8, and 9 indicate X-ray multi-layer film mirrors (projection system), 10 indicates a wafer stage, and 

30 1 1 indicates a wafer. 

[0181 ] A laser plasma light source was used as the X-ray source 1 . In this apparatus, the beam radiated from the X- 
ray source 1 is focused by an illumination optical system consisting of two X-ray multi-layer film mirrors 2 and 3, so that 
the reflective mask 5 carried on the mask stage 4 is illuminated. The beam reflected by the reflective mask 5 passes 
through a projection optical system constructed from four X-ray multi-layer film mirrors 6, 7, 8, and 9, and reaches the 
35 wafer 1 1 held on the wafer stage 10. An image of the circuit pattern formed on the reflective mask 5 is transferred onto 
the wafer 1 1 after being reduced to 1/4 the original size. 

[0182] A molybdenum (Mo)/silicon (Si) multi-layer film that reflected soft X-rays with a wavelength in the vicinity of 13 
- nm was used for the X-ray multi-layer film mirrors 2, 3, 6, 7, 8 and 9 making up the illumination system and projection 

% "jo L . '.j system, and for the reflective mask 5. 

^ 40 [0183] The reflectivity of the X-ray multi-layer 1ilm mirrors was approximately 70%, with the remaining 30% of the X- 
rays being absorbed by the mirrors and converted into heat. In this case, the intensity of the X-rays drops by an amount 
corresponding to the loss caused by absorption each time the X-rays are reflected from an X-ray multi-layer film mirror. 
Accordingly, the intensity of the X-rays incident on the respective X-ray multi-layer film mirrors is larger as the mirror in 
question is located upstream closer to the X-ray source 1 . The respective mirrors were cooled by means of water cool- 
45 ing in order to dissipate the absorbed heat. 

[0184] The reflective surfaces of the four mirrors 6, 7, 8 and 9 making up the projection optical system all had a shape 
that was rotationally symmetrical about the optical axis a-a. The mirror 8 was disposed on the optical axis a-a, and the 
effective diameter of the mirror 8 was the diaphragm of the projection optical system. Here, since the mirror 8 is located 
on the downstream side in the projection system (i.e., the third of four mirrors), the intensity of the X-rays incident on 
so this mirror is not very strong; however, since the area irradiated by the X-rays is small, the irradiating X-ray intensity per 
unit area is the largest among the four mirrors making up the projection system. 

[0185] Accordingly, an X-ray multi-layer film reflective mirror produced by forming an amorphous thin film consisting 
of an alloy of nickel and phosphorous (Ni(90 wt%)-P(10 wt%)) on the surface of the aluminum substrate manufactured 
in Working Example 4, and then forming a molybdenum (Mo)/silicon (Si) multi-layer film on the surface of this amor- 
55 phous thin film, was used for the mirror 8. which had the largest thermal load among the mirrors in the projection sys- 
tem. Under conditions producing a through-put of 30 wafers/hour, the intensity of the X-rays incident on the mirror 8 was 
approximately 30 [mW/cm 2 ]. 30% of the X-rays incident on the mirror 8 (approximately 9 [mW/cm*]) were absorbed and 
converted into a thermal load; however, the thermal deformation was less than 0.8 nm, so that a diffraction-limit optical 
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system using X-rays with a wavelength of 13 nm was successfully constructed. 
Working Example 10 

[0186] In the present working example, the X-ray multi-layer film reflective mirror manufactured in Working Example 
5 was applied to the illumination optical system of a soft X-ray projection exposure apparatus. The present working 
example will be described with reference to Figure 1 . 

[0187] As was described above, the reflectivity of an X-ray multi-layer film mirror is approximately 70%, with the 
remaining 30% of the X-rays being absorbed by the mirror and converted into heat. The intensity of the X-rays drops by 
an amount corresponding to the loss caused by absorption each time the X-rays are reflected from an X-ray multi-layer 
film mirror. Accordingly, the intensity of the X-rays incident on the respective X-ray multi-layer film mirrors is larger as 
the mirror in question is located upstream doser to the X-ray source 1 . In particular, the intensity of the X-rays incident 
on the X-ray multi-layer film mirrors 2 and 3 of the illumination system located immediately after the X-ray source 1 is 
especially large; this creates a thermal load which causes deformation of the mirrors and deterioration of the multi-layer 
films. 

[0188] Accordingly, X-ray multi-layer film reflective mirrors produced by forming an amorphous thin film consisting of 
an alloy of nickel and phosphorous (Ni(90 wt%)-P(10 wt%)) on the surface of the copper substrate manufactured in 
Working Example 5, and then forming a molybdenum (Mo)/silicon (Si) multi-layer film on the surface of this amorphous 
thin film, were used as the mirrors 2 and 3 making up the illumination system. Under conditions producing a through- 
put of 30 wafers/hour, the intensity of the X-rays incident on the mirrors 2 and 3 was approximately 100 [mW/cm 2 ]. 30% 
of the X-rays incident on the mirrors 2 and 3 (approximately 30 [mW/crn 2 ] were absorbed and converted into a thermal 
load; however, the thermal deformation was less than 1 nm, so that an optical system which was more or less close to 
the diffraction limit, and which used X-rays with a wavelength of 13 nm, was successfully constructed. Furthermore, no 
deterioration (change over time) of the multi-layer film caused by the thermal load was seen. 

[0189] In the soft X-ray projection exposure apparatus and reflective mirror of the present invention, as was described 
above, the shape error and surface roughness of the mirror can be reduced, and the thermal deformation caused by 
irradiating light such as X-rays can be suppressed to a sufficiently small value. Accordingly, a high-precision optical sys- 
tem can be obtained. Further, there is no deterioration in focusing characteristics due to thermal deformation, even if 
the mirrors are irradiated by strong soft X-rays in order to increase the through-put. Consequently, the soft X-ray projec- 
tion exposure apparatus and reflective mirror of the present invention make it possible to obtain both a high resolution 
and a high through-put in an X-ray projection exposure apparatus in which this mirror is used in the X-ray optical sys- 
tem. 

[0190] Furthermore, the reflective mirror of the present invention can also be used in X-ray optical systems other than 
the optical systems of X-ray projection exposure apparatuses, or in high-precision reflective optical systems used in 
wavelength regions other than the X-ray region, and a similar effect can be obtained in such cases. 
[0191] Other embodiments of the invention will be apparent to those skilled in the art from consideration of the spec- 
ification and practice of the invention disclosed herein. It is intended that the specification and examples be considered 
as exemplary only, with a true scope and spirit of the invention being indicated by the following claims. 

Claims 

1 . A soft X-ray projection exposure apparatus having at least one metal mirror constituting at least one of an illumina- 
tion optical system and a projection optical system, the at least one mirror comprising: 

a metal substrate having a front surface and a rear surface; 

a thin film of an amorphous substance formed on the front surface of the metal substrate, a front surface of the 
amorphous substance being polished to optical smoothness; and 

a multi-layer film formed on the front surface of the thin film, wherein the multi-layer film reflects X-rays of a 
specified wavelength. 

2. The soft X-ray projection exposure apparatus according to claim 1 , wherein the at least one mirror satisfies a con- 
dition of: 

a • Q • d 2 /(2ti) < 10~ 9 

where i\ is a thermal conductivity of the metal substrate, a is a coefficient of linear expansion, Q is a thermal flux 
applied to the metal mirror by electromagnetic radiation, and d is a mean thickness of the mirrors. 
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3. The soft X-ray projection exposure apparatus according to claim 1 , wherein the metal substrate includes an Invar 
alloy. 

4. The soft X-ray projection exposure apparatus according to claim 1 , wherein the metal substrate includes at least 
one of aluminum, copper, beryllium, silver, gold, and an alloy containing at least one of aluminum, copper, beryl- 
lium, silver, gold. 

5. The soft X-ray projection exposure apparatus according to claim 1 , wherein a front surface roughness of the amor- 
phous substance is at most 0.5 nm. 

6. The soft X-ray projection exposure apparatus according to claim 1 , wherein at least a principal component of the 
amorphous substance is one of nickel or a nickel alloy. 

7. The soft X-ray projection exposure apparatus according to claim 1 , wherein at least a principal component of the 
is amorphous substance is selected from a set consisting of silicon oxide, silicon carbide, PSG (phospho-silicate 

glass), silicon nitride, silicon, and carbon 

8. The soft X-ray projection exposure apparatus according to claim 1 , wherein the back surface of the metal substrate 
is cooled so that the back surface is maintained at a constant temperature. 
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9. A mirror, for use when large amounts of heat from incident electromagnetic radiation is absorbed, comprising: 



a metal substrate having a front surface and a back surface; 

a thin film of an amorphous substance formed on the front surface of the substrate, and having a surface pol- 
25 ished to optical smoothness. 

10. The mirror according to claim 9. further comprising: 

a multi-layer film formed on a surface of the thin film, wherein the multi-layer reflects X-rays of a specified wave- 
30 length. 

11. The mirror according to claim 9, wherein the surface roughness of the amorphous substance is at most 0.5 nm. 

12. The mirror according to claim 9, wherein at least a chief component of the amorphous substance is one of nickel 
35 or a nickel alloy. 

13. The mirror according to claim 9, wherein the mirror satisfies a condition of: 
^ s a • Q • d 2 /^) ^ 10~ 9 [m] 

40 

where nisa thermal conductivity of the substrate, a is a coefficient of linear expansion, Q is a thermal flux on the 
mirror from electromagnetic radiation, and d is a mean thickness of the mirror. 



45 



14. The mirror according to claim 9, wherein a thermal conductivity of the substrate is at least 200 [W/m • K]. 

15. The mirror according to claim 9, wherein a material of the metal substrate includes one of aluminium, an alloy con- 
taining aluminum, copper, an alloy containing copper, beryllium, an alloy containing beryllium, silver, an alloy con- 
taining silver, gold, and an alloy containing gold. 

so 16. The mirror according to claim 9, wherein the back surface of the substrate is cooled so that the back surface is 
maintained at a constant temperature. 

17. A method for manufacturing a mirror comprising: 

55 preparing a metal substrate; 

forming an amorphous thin film containing a nickel alloy as a chief ingredient on a surface of the metal sub- 
strate; and 

working a surface of the amorphous thin film into an optically smooth surface. 
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1 8. The method according to claim 1 7 further comprising; 

forming a multi-layer film that reflects X-rays of a specified wavelength on the surface of the amorphous thin 
film that has been worked into an optically smooth surface. 

19. The method according to claim 1 7 wherein the step of forming an amorphous thin film includes a plating process. 
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(54) Mirror for soft x-ray exposure apparatus 

(57) A soft X-ray projection exposure apparatus has 
at least one metal mirror in either an illumination optical 
system (2,3) or a projection optical system (6-9). The 
mirror includes a metal substrate and a thin film of an 
amorphous substance formed thereon. The surface of 
the amorphous substance is polished to optical smooth- 
ness. On the surface of the thin film is a multi-layer film 
that reflects X-rays of a specified wavelength. The metal 
substrate efficiently dissipates heat to the back surface 
of the mirror where it can be easily cooled. The mirror 
has a small shape error and surface roughness, and 
sufficiently suppresses thermal deformation caused by 
irradiating electromagnetic radiation such as X-rays or 
light. In this manner, the soft X-ray projection exposure 
apparatus achieves a higher through-put of wafers. 
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